Abstract: This paper investigates the problem of actuator fault diagnosis with using sliding mode observer for satellite attitude control system. A second-order sliding mode observer is proposed for satellite actuator fault diagnosis with attitude-only measurement. First, the nonlinear attitude control model of a rigid satellite with using the MRPs representation is given. Then, a second-order sliding mode observer is designed based on the dynamical model of the satellite attitude and a fault diagnosis scheme based on the observer is further designed for actuator fault diagnosis. Finally, numerical simulations of a satellite attitude control system are performed to illustrate the effectiveness of the proposed actuator fault diagnosis scheme.
INTRODUCTION
To the requirement of high reliability and safety of satellites, fault diagnosis of satellite systems are required. A satellite is always subjected to various kinds of space environments; therefore, the reliability of its subsystem can degrade easily and it may possibly be affected by some faults. The actuator is the common component of the attitude control system, once the actuator malfunctions, there is a high probability that the satellite will lose attitude control in a short time; this may lead to grave consequences, such as mission failure and possibly even a catastrophe. Therefore, fault diagnosis of the satellite actuator is crucial; it is still a popular research topic in recent years, with several excellent research results having been reported in the literature [1] [2] [3] [4] . According to Professor P.M. Frank, fault diagnosis methods can be divided into three categories: analytical-based, signal-based, and knowledge-based methods. The analytical-based method, which can also be termed the model-based method, is the oldest, most in-depth, and most mature method. Further, the observer-based methods obtain much more focuses than any other model-based methods. Since the early 1970s [5] , observer-based fault diagnosis approaches have been well developed and have yielded fruitful results, e.g., the Luenberger observer method, high-gain observer method, unknown input observer (UIO) method, learning observer (LO) method, adaptive observer (AO) method, sliding mode observer (SMO) method and so on. Several books [6] and some survey papers [7] also serve as excellent resources for understanding these approaches. The existing approaches of fault diagnosis for satellite can be classified into two categories, i.e., using the observer to generate residual signal to diagnose fault [8] or using the observer to estimate the fault to diagnose fault and further use the estimation for fault-tolerant control [9] . The application of the fault diagnosis to satellite attitude control has attracted considerable interest. However, those fault diagnosis based on the observer methods can be only applied to an attitude system based on the assumption that direct and exact angular velocity measurement is available [10] . In practical engineering, however, not all state information are highly accurate and measurable. When the angular velocity sensor fails, it may cause the wrong angular velocity measurement; on the other hand, the noise of angular velocity sensor will also lead to inaccurate measurement of angular velocity, which limits the application of the above fault diagnosis method. Inspired by the above-discussed works, this paper designs a sliding mode observer with only attitude measurement and further designs a fault diagnosis scheme based on the observer in order to solve the actuator fault diagnosis problem of the satellite attitude control system. This paper is organized as follow. Section 2 establishes the nonlinear attitude model of a rigid satellite with using the MRPs representation. On the basis of the model, a second-order sliding mode observer and a fault diagnosis scheme based on the observer are designed respectively in Section 3. In Section 4, the designed scheme is performed to solve the fault diagnosis problem of the actuator in satellite attitude control system. Finally, Section 5 summarizes the work of this paper.
PROBLEM STATEMENT
Actuators, attitude sensors (gyroscopes and star sensors), an attitude controller, and the satellite body constitute the closed-loop satellite ACS. 
In order to design the fault diagnosis scheme, the external unknown disturbance is not considered in the paper.
Further, it is straightforward to show that the matrix ( ) F satisfies the following properties [11] :
According to the above properties and define
(1) can be transformed into the following nonlinear dynamic equation
where,
is bounded and satisfies the following properties [11] :
ACTUATOR FAULT DIAGNOSIS SCHEME BASED ON SLIDING MODE OBSERVER
This section presents design of the proposed fault diagnosis scheme for satellite actuator based on sliding mode observer without satellite angular velocity measurement. First, a second-order sliding mode observer with attitude-only measurement is designed. Then, in order to diagnose actuator fault in satellite attitude control system, a fault diagnosis scheme is further designed. The block diagram of the fault diagnosis scheme is shown in Fig 2 . 
Where, 1 2 (7)- (8), it is clear that the term 1 2 ( , , ) f x x u is bounded.
Because variable y is measurable with using attitude sensors installed in satellite, such as star sensors, then we can use it to design sliding mode observer for estimating the variable 2
x . When actuator have fault, then the variable = u becomes + = Δ u , Δ represents actuator fault. Further, the sliding mode observer is designed as follows 
; m n is positive integer; sign( ) is sign function; and are gain of equivalent output injection respectively and have the form as follows:
According to Ref. [12] , because the system states and the term 1 2 ( , , ) f x x u are bounded, then the existence is ensured of a constant + f , such that the inequality: where, p is a constant to be determined and satisfies 0 1 p < < . Further, according to Eqs. (9)- (10) According to Ref. [12] , the sliding mode observer converges in finite time, so we can obtain 1 2 , 0 ≡ e e for t>T, where T is the converge time of the sliding mode observer. Then, we have 
NUMERICAL SIMULATIONS
In this section, we use a three-axis stabilized satellite ACS in MATLAB to numerically demonstrate the effectiveness of the fault diagnosis scheme. The specified parameters are as follows:
The Then, we numerically performed the fault diagnosis scheme based on the sliding mode observer for satellite actuator fault diagnosis. Before simulation of the fault cases, the fault-free case was simulated for reference, as shown in here, fa(t) is a constant offset fault, so it represents a pulse-type fault of actuator, which is a common fault occurring in actuator such as control line fault or bearing failure (leading to stall of the actuator). The corresponding simulation results are shown in Fig 6-9 . Fig 6 shows the simulation result of 2 z when actuator fault. It is clear that the term 2 z is a discontinuous signal with an infinite switching frequency, so it cannot be used to diagnose actuator fault in practice. Fig 7-9 show actuator fault diagnosis result when actuator fault. From these simulation results, we can see that the residual value of the sliding mode observer exceeds the threshold; according to the fault diagnostic scheme in Section 3.2, this result indicates that the actuator fault is diagnosed successfully. Fault diagnosis result with actuator fault (r3) From the above simulation results, we can see that the proposed fault diagnosis scheme based on the sliding mode observer is highly effective and that it can successfully diagnose actuator fault in the satellite attitude control system.
Overall, we can conclude that the proposed fault diagnosis scheme can effectively solve the fault diagnosis problem of the satellite actuator. It is significant to improve the security and reliability of the attitude control system, which contributes to ensure the long-time on-orbit attitude control for satellites.
CONCLUSIONS
A fault diagnosis scheme is proposed and further used to solve the actuator fault diagnosis problem of the satellite attitude control system. The nonlinear attitude control model of a rigid satellite with using the MRPs representation is built. A second-order sliding mode observer is designed based on the nonlinear attitude control model and a fault diagnosis scheme based on the observer is further designed for satellite actuator fault diagnosis. The sliding mode observer can estimate the angular velocity information and diagnose actuator fault with using equivalent output injection 2 z simultaneously, so we can successfully diagnose actuators fault with only attitude measurement. Numerical simulations demonstrate that the proposed fault diagnosis scheme based on the sliding mode observer successfully diagnoses actuator fault in the satellite attitude control system. In future work, we intend to consider the external unknown disturbance issue when working on the fault diagnosis problem for the satellite actuator.
